Cerebellar abiotrophy (CA) is a neurodegenerative disorder affecting the cerebellum and occurs in multiple species. Although CA is well researched in humans and mice, domestic species such as the dog, cat, sheep, cow, and horse receive little recognition. This may be due to few studies addressing the mechanism of CA in these species. However, valuable information can still be extracted from these cases. A review of the clinicohistologic phenotype of CA in these species and determining the various etiologies of CA may aid in determining conserved and required pathways necessary for proper cerebellar development and function. This review outlines research approaches of studies of CA in domestic species, compared to the approaches used in mice, with the objective of comparing CA in domestic species while identifying areas for further research efforts.
Introduction
The gross structure and circuitry of the cerebellum is relatively conserved across species, with the cerebellar volume consistently occupying approximately 10% of the entire brain volume [1] . While some reports contradict that cerebellar size evolves in concert with the cerebral cortex size, there is agreement that the surface area and absolute mass are proportional to the cerebral cortex [2] . Across 19 species of varying sizes (spanning between rodents and primates, including humans), there was an estimated 3.6 neurons in the cerebellum to every neuron in the cerebral cortex [3] . However, in humans, it has been found that the cerebellum contains a remarkable 80% of the CNS neurons [4] , whereas in mice, this proportion is 60%. Does this reflect the functional importance of the cerebellum in these species? This issue remains unclear. However, there are examples of cerebellar adaptation in species more reliant on sensory information for their movement decisions, such as cetacea and microchiroptera, which rely on echolocation [2] . Additionally, information processing capacity in the cerebellum has been directly correlated with the number of granular neuron-Purkinje neuron synapses [5] . It has been shown that there is a marked increase in granule-Purkinje synapses from the rodent to the human, which exceeds the proportional change expected based upon the mass and volume changes seen in the cerebral cortex [5] . Thus, despite the similar gross and circuitry structures across species, synapse-level differences must be taken into consideration when doing a cross-species studies.
When the cerebellum is damaged, motor movement is impaired, often in the form of ataxia and uncoordinated movement. Examples of these cerebella-based motor deficits can be found in well-known diseases such as Parkinson's [6] and fragile X syndrome [7, 8] . Here, we will focus on heritable cerebellar abiotrophies seen across domestic species, which is often overlooked, but constitutes a large portion of neurodegeneration seen in domestic animals, as reviewed last in 1990 by de Lahunta [9] . As referenced in the name, cerebellar abiotrophy is due to a specific atrophy within the cerebellum Genetics: Section Editor-Antoni Matilla-Dueñas resulting from an inborn metabolic defect during development [10] . Histologically, cerebellar abiotrophies often result in loss of the Purkinje neurons of the cerebellum within a few days to a few months after birth. There is usually no gross reduction in cerebellar size, as seen in cerebellar hypoplasias, and the loss of Purkinje neurons is often considered diffuse throughout the cerebellum. Despite CA often being inherited in an autosomal recessive fashion, definitive diagnosis of CA remains to be b as e d up o n po s t -m o r t e m hi s t ol og i c a l f i n d i n gs . Neurologically, there are often head tremors associated with voluntary movement, a lack of menace response (often due to the lack of blink response), bilaterally symmetric hypermetric gait (exaggerated movement of all four limbs) and abnormal postural behavior (often delayed then exaggerated when performing a neurological exam). CA demonstrates substantial variation on all scales of its phenotype across and within species. This is most likely due to the nature of CA as a broad spectrum of disorders affecting the cerebellum and its description of the end result of the disorder, rather than the mechanism of neurodegeneration. However, discovering causative mutations or mechanisms of CA in various species helps to explain this variability and may be relevant to the rare and early onset cases of CA seen in humans that are yet to have mutations associated with them [11] .
CA was first documented in cattle in 1951 [12] and has since been researched in other species including dogs, cats, sheep, and horses. Among these species, 18 breeds of dogs and eight breeds of cattle have been reported to be affected by CA. In other species, including the horse, only a single breed is affected by CA (Table 1) . Several iterations of CA have been well characterized in the mouse. There are currently eight spontaneously inherited CAs found in mice. This review seeks to outline the status of CA characterization across domestic species relative to characterization standards set forth by CA research done in mice.
CA Research in Mice
Attributing to their well-characterized genetics, ease of breeding, and ability to generate colonies demonstrating a CA genotype and phenotype, a gold standard of approaches on characterizing CA in mice has been established. As outlined by Lalonde and Strazielle [13] , approaches to describe spontaneously induced CA in eight mouse lines include identification of the mutation associated with the CA, neurologic consequences and age of onset of CA, neuropathology, areas of secondary neurodegeneration, and the neurochemistry underlying the CA pathology. For each of these eight mouse lines, a genotype associating with CA has been established. With the exceptions of the lurcher and weaver mice, the other six CAs are inherited in an autosomal recessive fashion. The lurcher and weaver mice have semi-dominant mutations, where the homozygotes die at birth because of a severe phenotype [14, 15] . Onset of the common ataxic phenotype and wide-based gait is often detected within two to 3 weeks postpartum, exceptions being the staggerer mouse, which shows signs at 1 week [16] and the weaver from day of birth [17] . Histologically, six of the eight mouse lines show primary degeneration of the Purkinje neurons, while reeler and weaver mice show primary granule neurodegeneration [18, 19] . The weaver mouse also exhibits selective degeneration in the cerebellar midline versus the lateral hemispheres [20] . There is further selectivity of degeneration seen in the molecular landscape, where the nervous and Purkinje cell degeneration mice show degeneration in the Purkinje neurons positive for Zebrin II [21] , whereas the leaner mouse shows degeneration of Purkinje neurons that are negative for Zebrin II [22] . Secondary loss of neurons is often limited to other populations of neurons within the cerebellum, such as granular neurons, or neurons in the inferior olivary nucleus. However, in the Purkinje neuron degeneration and nervous mice, there is NA not available a References for these weights: (77) (78) (79) (80) (81) c o n c u r r e n t n e u r o d e g e n e r a t i o n i n m i t r a l a n d retinophotoreceptor cells [23] or the dorsal cochlear and retinal photoreceptors [24] , respectively. With the exception of the nervous mouse, the other seven mouse lines have candidate genes confirmed to be associated with the mutation and CA phenotype. How these genes belong to pathways prompting the CA phenotype is elucidated by focusing on regional cerebellar metabolism as well as concentrations of receptors and neurotransmitters. There has been a standard procedure accompanying the description of CA in mice, in terms of phenotyping via behavioral tests, histopathological analysis, and observation of the genetic and protein components associated with the CA. Examples of behavioral tests include the square beam, round beam, rotorod, and coat hanger, which have been applied to all the CA-affected mice and test the ability of the mice to remain on the structure. Variations of the T-maze and water mazes have also been used on CA-affected mice to test for working memory. The detection of the differing spectra of severity in the neurologic phenotype between these mice can be achieved by applying and then comparing the results of these tests across the mice. Focusing on neuronal subpopulations specifically affected by CA, regional neuronal metabolism and activity are often assessed using cytochrome oxidase (CO) staining and determination of neurotransmitter concentration in the cerebellar cortex of the CA-affected mice. Increased CO staining indicates neuron-specific activity and, in cases such as the lurcher mouse, CO activity was found to be higher in the remaining Purkinje neurons [25] . This was most likely due to chronic depolarized membrane potential, leading to Purkinje neuron autophagy [15] . Upon observing the neurotransmitter levels across the cerebellar cortex of CA-affected mice, serotonin is increased in all mice, except the dystonia musculorum [13] . Could this reflect the developmental role of serotonin known in the cerebellum [26] and reveal the temporal component of CA? These examples certainly illustrate the expansive characterizations of CA in the mouse, and by considering the behavioral outcome, localization and molecular pathways encompassed by the CA phenotype, more intricate and detailed comparisons can be made.
Localization of Cerebellar Abiotrophy in Domestic Animals
The cerebellar cortex is often considered as a series of repeating computational units, differing in their input and the targets of their output. When cerebellar degeneration is reported in domestic animals, it is often done with a lack of discernible local patterns of degeneration. In all the domestic species mentioned in this review, diffuse degeneration throughout the cerebellar cortex has been reported, with specific incidences of confined neurodegeneration. In horses and dogs, a reduction in cerebellar size relative to cerebral size has been determined using magnetic resonance imaging (MRI) in a small number of cases affected with CA [27, 28] . In Scottish Terriers, more severe neurodegeneration was identified in the dorsal versus ventral regions of the cerebellar cortex [29] . Specific neurodegeneration in the anterior vermis was identified in specific cases of CA in Wiltshire sheep [30] . Examples of true random or diffuse loss of Purkinje neurons are quite rare and are potentially a misobservation due to inaccurate analysis of the entire cerebellar cortex, as reviewed by Sarna and Hawkes [31] . However, comparisons of neurodegeneration through the entire cerebellar cortex are rarely performed in domestic species. Future comparative studies would benefit from evaluating the entire cerebellum.
Regarding the specific cell types affected by CA across domestic species, neurodegeneration of Purkinje neurons is most frequently reported. This observation is often likely a Bdefault^due to the ease of evaluating Purkinje neuron loss and insult versus granular neuron loss and phenotype. More studies specifying which population of neurons are undergoing apoptosis need to be conducted, such as in the horse, where the TUNEL assay confirmed apoptosis primarily in the Purkinje neurons [32] . Often, granular neuron loss is reported as secondary to Purkinje neuron loss in CA. However, in two breeds of dog, the Brittany spaniel and rough-coated collie, granular neuron loss has been documented as the primary neuronal population affected, suggesting a more complex pathogenesis [33, 34] . The various cases of apoptosis in the granular versus the Purkinje neurons in CA highlight the variation underlying CA, and the need to characterize CA with regards to CA progression and cell type.
Clinical and Histological Findings of CA in Domestic Species
CA is often defined by the characteristic neurologic and histological phenotype. Across the species in this review, the neurologic phenotype involves head tremors, lack of coordination, and lack of menace response. A wide-based stance is also commonly reported in Arabian horses [35] , Holsteiner cows [36] and border collies [37] . In the horse, cow, goat, and many breeds of dogs, CA is often not accompanied with neuroanatomic lesions outside of the cerebellum. There are examples, however, of species showing other signs of neurodegeneration. For example, in a domestic shorthair cat affected with CA, retinal degeneration was also identified [38] . In another case in, a Staffordshire terrier, intermittent seizure-like and opisthotonus episodes were noted [39] . There are also differing descriptions of the movement appearing with CA, such as hopping of the pelvic limbs seen in the Brittany spaniel dog [34] , Wiltshire and Charollais sheep [30, 40] , the truncal sway seen in the Staffordshire terrier [39] , or the limb stiffness reported in Poll Hereford bulls [41] . Beyond the neurologic phenotype, CA is most often confirmed via histology.
As mentioned in the localization of CA section above, the loss of Purkinje neurons is the most frequent reported finding in affected individuals. With this loss, all species mentioned in this review also demonstrate a concordant disorganization of the three layers of the cerebellar cortex, along with gliosis ( Fig. 1a) and resulting empty baskets in the Purkinje neuron layer (Fig. 1b) . Of the Purkinje neurons remaining, common features include cytoplasmic vacuolization (Fig. 1c) , swollen axons (Fig. 1b) and chromatolysis. When a genetic mutation associating with CA is absent, as is the case with most domestic species, these histological hallmarks are required for a definitive diagnosis of CA.
Onset of Neurologic Phenotype in Domestic Animals
In addition to the spectra of clinical and histologic findings with CA, there is variability in its onset and progression. In cats and dogs, CA has been commonly reported as late onset, with rapid progression followed by a stabilization period [27, 38, 39, [42] [43] [44] [45] . There are also examples of early onset disease in 6-week-old kittens [46] , 9-week-old Labrador retrievers [47] , and 4-month-old border collie puppies [37] , exhibiting similar rapid CA progression patterns. The larger domestic species, such as the cow, goat, sheep, and horse, have an earlier onset of CA with a slower progression. This ranges from the day of birth to almost 2 years in the cow [36, 48] , 6 to 9 months in the goat [49] , 4 weeks to 5 months in sheep [30, 40, 50] , and 6 to 9 months in the horse [32, [51] [52] [53] . In order to properly resolve CA onset in these species, time series experiments capturing the onset of CA and the mechanisms underlying the onset are necessary.
Proposed Mechanisms Underlying the CA Phenotypes in Domestic Animals
As most of the information about CA in domestic animals originates from case reports, little information has been discovered in terms of underlying causal factors. It has been generally recognized that CA is often inherited in an autosomal recessive manner. This has been proposed in mixed bred Japanese cats [54] , Charolais calves [55] , several Hereford cross breeds [41] , mixed breed goats [49] , Kerry blue terrier dogs [56] , Stafford terriers [57] , Rhodesian ridgeback dogs [58] , and the Coton de Tulear dogs [59] . CA associated genomic regions have been identified in Scottish terriers [29] and Australian Kelpies [60] using pedigree analyses, genome wide association studies (GWAS), and homozygosity mapping. Furthermore, a single nucleotide polymorphism (SNP), inherited in an autosomal recessive manner, has been associated with CA in the Finnish hound [61] , Hungarian Vizsla dog [62] , and the Arabian horse [63] . In terms of elucidating the molecular manifestations of these variants in CA-affected individuals, this has only been attempted in the Arabian horse, in sorting nexin 14 gene (SNX14) has been identified in the Hungarian Vizsla, with PCR and western blotting used to confirm alternate splicing of SNX14 products at the gene and protein level [62] . In the Finnish hound, GWAS studies and subsequent sequencing uncovered a homozygous missense mutation in the conserved sel-1 suppressor of lin-12 like gene (SEL1L) [61] . Further profiling of this mutation revealed that it may also be linked to endoplasmic reticulum (ER) protein degradation [61] . In the Arabian horse, GWAS, homozygosity analysis and targeted Sanger sequencing identified a SNP in the protein coding target of Egr1 gene (TOE1), which could also affect the promoter, and therefore expression, of MUTYH [63] . The exact molecular ramifications of this SNP have not been elucidated. However, apoptosis of Purkinje neurons has been established [32] , with a marked decrease in transcription, specifically of calcium homeostasis pathways in Purkinje neurons [64] . Recently, we have shown that MUTYH has differential promoter behavior, splice variant expression, and cerebellar localization in CA-affected horses [65] . Due to the opportunistic nature of sample retrieval in most CA studies in domestic animals, functional characterization of the molecular pathways affected in CA is understated. This can potentially be mitigated with more targeted biochemistry approaches to candidate gene questions and by obtaining larger treatment groups to establish more concrete conclusions.
Potential Sources of Variation Underlying the CA Phenotype
CA is a general description of a phenotype, rather than a specific disease or disease mechanism, leading to large variability in mechanisms underlying CA. In domestic animals, a majority of this variability cannot be explained due to lack of determination of definite molecular mechanisms explaining the disease phenotype. Aside from establishing CA as postnatal, there is also no detection of the exact moment of disease onset. How could there be so many different avenues leading to a similar result?
One reason could be due to the developmental characteristics of the cerebellum. Although it is one of the first discernible structures of the brain, its mature organization is often not achieved until several months after birth [66] . This long developmental period provides several opportunities for insult, ranging from affecting migration of Purkinje neurons via the Reelin signaling pathway [67] or granular neuron migration via the Dcc/netrin pathway [68] to later pathways in development affecting Purkinje neuron synapse formation via Wnt3 signaling [69] .
Another source of variability can emerge from the subpopulations of neurons affected by CA. Despite having apparent homogeneity of cytoarchitecture throughout the cerebellar cortex, there has been recent research illuminating the several distinct subpopulations of Purkinje and granular neurons [31, 70] . These subpopulations have macro-level differences, different physiologies relative to location and distinct population-specific molecular markers. These three factors must be considered, as this removes the equality of losing one Purkinje neuron over another. An example of macrolevel differences has been found in rat cerebella, where the packing densities of the Purkinje neurons are higher in the anterior versus the posterior lobe of the cerebellum [71] . There has also been divergence of physical characteristics of Purkinje neurons based on location. Purkinje neurons located in phylogenetically older areas of the brain, such as the vermis, have larger cell diameters as well as organelles [72] . Regarding the synapse forming areas of the Purkinje neuron, there are differences in axon diameter in different sections of the white matter [73] and different dendrite morphologies relative to the base and apex of the cerebellar cortex folium [74] . These kinds of physical differences have foreseeable effects on the physiology of these neurons. With regard to Purkinje neuron excitability in the vermis, depolarization-induced slow current is higher in the posterior versus the anterior lobes [75] , while Purkinje neurons in the most posterior flocculonodular lobe seem to show lower levels of excitability and more variable firing patterns due to various passive and active membrane properties [76] . Molecular markers present in these subpopulations demonstrate divergence relative to both region and physiology. Here we will focus on the most popular zebrin II marker; however the list of molecular markers in the cerebellar cortex is far more extensive [70] . Most obvious about zebrin II expression in Purkinje neurons is the rostro-caudal oriented banding pattern of zebrin II + and zebrin II − seen throughout the cerebellar cortex. This banding pattern also has distinct physiological differences, such as reduced LTD capabilities of parallel fiber-Purkinje synapses in the zebrin II + bands [77] . This may be associated with differential input from mossy and climbing fibers, which seems to align with zebrin II [78] . Collectively, the variability encompassed in the macro, physiological, and molecular differences of Purkinje neurons, combined with changes accompanying cerebellar development, need to be addressed when resolving mechanisms underlying the CA phenotype.
Conclusion
Studies of CA across domestic species demonstrate that several altered pathways can lead to a similar phenotype: cerebellar ataxia. Although descriptions of CA across domestic species are mainly limited to case reports and thus lack mechanistic explanation, they are useful at identifying which species to target for further analysis. Currently, CA comparability across species is often restricted to the neurologic phenotype, but with further characterization of CA on a molecular level across species, better understanding of which pathways is essential to the cerebellum could be elucidated. Ideally, if CA research across species adhered to certain standards of classification, including neurologic, histological and molecular phenotyping, as seen in mice, they could be much more effective at drawing comparisons across species. One of the major limitations preventing this standardized procedure is sample availability. If there were more coordinated efforts to efficiently acquire samples from individuals affected with CA, perhaps studies beyond individual-based case reports could be done. Efficient sample procurement should include complete antemortem phenotyping with video-documented behavioral tests, collection of genomic DNA, evaluation of a representative sampling of histologic samples from the entire cerebellum, and flash-frozen cerebellar tissue for gene and protein expression analysis. If this type of coordinated work could be performed, trends concerning CA could be identified and perhaps these CA-affected domestic animals could be more applicable for translational studies. For example, the extensive studies performed on equine CA have shown relevant similarities to a human pontocerebellar hypoplasia in the involvement of the gene Target of Egr1 (TOE1) [79] . CA across domestic species has been beneficial in identifying that CA exists in various species and that there are several circumstances leading to cerebellar degeneration. With a detailed characterization of CA in domestic species, translational implications would be strengthened and our understanding of cerebellar development will be expanded.
